v, The authors' experience with intradural and epidural recording of spinal somatosensory evoked potentials (SSEP's) during 26 cases of spinal surgery is described. The techniques of monitoring spinal cord function provided good quality SSEP waveforms in patients both with and without neurological deficits. The SSEP configuration and peak latencies remained stable for up to 5 hours during anesthesia with nitrous oxide, halothane, and fentanyl. Patterns of baseline SSEP's were characteristic of different spinal segments. Distortion and asymmetry of these baseline patterns were seen in several patients with spinal neoplasms. Loss of waveform components during surgery occurred with profound hypotension, overdistraction of the vertebral axis, dorsal midline myelotomy, and removal of intramedullary tumors. Persistent loss of waveform components was associated with an acquired neurological deficit. Fluctuations in the amplitude of the SSEP's were common but were not associated with postoperative neurological deficits. Spinal cord monitoring by means of SSEP recording would appear to be useful during extradural spinal surgery, but there are limitations associated with this technique during some types of intradural surgery.
A
s experience with intraoperative recording of cortical somatosensory evoked potentials to monitor spinal cord function during surgery has increased, many problems and limitations with this mode of monitoring have become apparent. 3'4'7 Experimental data have suggested that the spinal somatosensory evoked potential (SSEP) is a more specific index of spinal cord function and that acquisition and interpretation of this signal is considerably simpler than its cortical equivalent. 2"~8' 19 New methods of intraoperative recording of SSEP's have recently been developed and described. 5, 7, 8, 12, 13, 15, 22, 25 Clinical experience with the various methods of monitoring SSEP's is now accumulating, and several clinical series have demonstrated their undoubted utility in surgery for the correction of kyphoscoliosis. 7' 9' 13' 22 ' 16 Reports describing SSEP monitoring during neurological spinal surgery are much less frequent. Except for the series of 15 patients reported by Macon and colleagues, ~6 most reports are mainly technical with anecdotal references to case reports. 5'~2 Although the techniques of recording SSEP's intraoperatively are established, their utility in spinal neurological surgery remains unknown.
In this study, we describe our experience with intraand extradural methods of monitoring SSEP's during spinal surgery and make some general conclusions concerning the utility of this mode of monitoring.
Clinical Material and Methods

Patient Population
Twenty-six patients undergoing spinal surgery had SSEP monitoring as a routine part of intraoperative physiological monitoring. These patients were divided into two groups. Group 1 consisted of nine patients having Harrington procedures for the correction of scoliosis ( Table 1 ). The mean age of these patients was 11 years 6 months (range 8 to 13 years). None of them had preoperative neurological deficits in the lower limbs. One patient was deaf and another with the Prader-Willi syndrome was mentally retarded.
Group 2 consisted of 17 patients who underwent a variety of spinal neurosurgical procedures ( Table 2 ). The mean age of the patients, excluding three adults aged 23, 25 , and 53 years, was 5 years 3 months (range 6 months to 16 years). Many of these patients had neurological deficits in the lower limbs and urinary or anal sphincter dysfunction. These patients had either developmental abnormalities of the spinal axis or intradural spinal neoplasms. The diagnosis in all cases had been confirmed by combinations of metrizamide myelography, computerized tomography (CT) scanning of the spine, and biopsy of the lesion.
Recording and Operative Techniques
The techniques employed in this study to record intraoperative SSEP's, together with parameters of peripheral nerve stimulation and signal averaging, have been described previously. 25"26 A non-polarizable platinum-tipped recording electrode is placed by the surgeon in either the subdural or epidural plane above the level of spinal surgery. The SSEP's are generated by stimulation of the tibial and peroneal nerves in the popliteal fossa. Signals are fed through a Medelec PA 89 preamplifier and averaged on a Medelec MS91 unit.* The time, mean blood pressure, end-tidal CO2, surgical maneuvers, and any variations in anesthesia were tabulated with each recording.
Patients were anesthetized for the surgical procedures * Medelec PA 89 preamplifier and MSgl unit manufactured by Medelec, Ltd., Manor Way, Old Working, Surrey, England.
by muscle relaxation with curare analogues (pancuronium, alloferin) and intermittent positive-pressure ventilation with 66% N20 and 33% 02 supplemented by either halothane or fentanyl. During the orthopedic correction of scoliosis using Harrington instrumentation, hypotension was induced during the period of spinal fixation and fusion with nitroprusside infusion and titrated levels of halothane. Mean blood pressure levels during this period of the operation were around 60 mm Hg.
Results
The operations performed on the 26 patients in this series included nine Harrington procedures with spinal fusion (Group l) and 17 neurosurgical procedures detailed in Table 3 (Group 2) . There were no complications of anesthesia and, except for one case described later, blood pressure and end-tidal CO2 levels remained within physiological limits throughout the operation. There were no complications because of the spinal monitoring.
Intraoperative SSEP Recording
Reproducible SSEP's were obtained throughout the desired period of spinal monitoring in 24 of 26 cases. Despite the range of spinal cord pathology in these 24 patients, some SSEP patterns were characteristic of different segments of the spinal cord. At the thoracolumbar or low lumbar levels in those patients with tethered cord syndromes, a large-amplitude sinuous or triphasic potential was recorded (Fig. 1 ). In the low thoracic region, the SSEP had either an early negative (N) or positive (P) wave followed by a sharp di-or triphasic complex (Fig. 2) . The SSEP's recorded from the mid-thoracic to cervicothoracic regions in patients with normal spinal function (all the Group 1 patients) had a variable initial P wave that was followed by a large-amplitude polyphasic P-N-P-N complex, and a later longer-duration N complex (Fig. 3) . As the level , and Case 5 (C), all neurologically normal patients undergoing the Harrington procedure for scoliosis. A prominent S wave (P wave) is seen in traces A and B. The polyphasic P,-N~-P2-N2 complex followed by later N components is easily seen in all patients. For a further description of these cases see Table 1. of recording moved rostrally, the latency of the P-N-P-N complex increased and the N complex became longer in duration and more polyphasic. To simplify characterization and analysis of these polyphasic waveforms, the peak latencies of the initial P or N wave and the last major component of the N complex and/or interpeak latencies were studied (Tables 1 and 3 ).
The amplitude of the SSEP decreased from approximately 10 to 20 #V in the thoracolumbar region to 1 to 2 #V in the cervicothoracic region. It was possible to demonstrate a direct relationship between amplitude of the segmental SSEP recorded over the conus and stimulus intensity. The complexity of this lumbar segmental SSEP did not significantly change with stimulus intensity (Fig. 4) . A relationship between stimulus intensity and the ascending SSEP recorded over the upper thoracic region was not satisfactorily demonstrated.
In the two patients in whom SSEP acquisition was unsatisfactory, one (Case 1, Group 1) was the first to have SSEP monitoring during a Harrington procedure. Tables 2 and 3. In this patient, SSEP's were acquired only during the initial period of mechanical distraction of the spine. This failure was probably due to inexperience with intraoperative recording. A "wake up" test 24 revealed no neurological deficit following correction of the scoliosis. The other patient (Case 18, Group 2) had attenuation of the SSEP during transection of a lipomeningocele. Cortical somatosensory evoked potentials were also monitored in this patient and remained stable. Therefore, it was assumed that the spinal electrode had been distracted from the correct recording plane. The surgeon continued the procedure without repositioning the spinal electrode.
Changes in Baseline SSEP Waveforms
Major distortion, asymmetry, or attenuation of the baseline SSEP waveform was seen in five Group 2 patients (Cases 17, 19, 20, 23, and 24). All these patients had intramedullary spinal cord tumors that were causing significant neurological deficits variably involving the dorsal column and spinothalamic modalities, the corticospinal tracts, and dysfunction of the urinary and anal sphincters ( Table 2 ). The SSEP's in these patients, when compared to those recorded in patients without 3 ). Both of these patients had major neurological deficits. For a further description of these cases see Tables 2 and 3. neurological deficits, showed distortion of the initial polyphasic P-N-P or N-P-N complex and its replacement by a shallow P wave. Flattening and loss of definition of the N complex was another prominent change (Fig. 5) . These changes were highlighted by multiple-site recordings of SSEP's before surgical manipulation of the cord (Figs. 6 and 7) .
The changes from normality in the lumbar SSEP's caused by tethered cord syndromes of variable etiology were difficult to quantitate, since normal conus SSEP data for individuals of the same age as the patients recorded in this series are unknown. The SSEP's recorded in these patients showed a sinuous, generally nonspecific waveform, despite the variable clinical deficits and other congenital abnormalities associated with the tethered cord syndrome (Fig. 1) . In two patients with the tethered cord syndrome due to a lipomeningocele (Cases 16 and 25), there was major amplitude attenuation of the SSEP when considering the low level of monitoring. The amplitude of the SSEP's in these cases varied between 0.4 and 1.3 uV. Although one patient (Case 16) had a major bilateral neurological deficit that involved the rootlets of the tibial and peroneal nerves, the other patient was apparently neurologically normal and there was no obvious cause for the low signal amplitude.
Stability of Intraoperative SSEP's
The SSEP waveforms were stable under general anesthesia with N20/O2, supplemented by either fentanyl (0.003 mg/kg) or halothane. The components of the SSEP recording during spinal surgery There is attenuation of the signal between C-6 and C-4 and further attenuation as well as loss of waveform definition over C-2 and C-1. The low amplitude and latencies of the waveforms recorded at C-1 and C-2 suggest that these are volume-conducted potentials. For a further description of this case see Tables 2 and 3. SSEP waveform remained stable for periods up to several hours. Peak and interpeak latencies were stable to within ___ 0.36 msec in all except two cases where the variability was _+ 0.48 msec. Halothane concentrations of up to 2.5% inspired volume during Harrington procedures for scoliosis did not alter the SSEP configuration or peak latencies, although there was some variable amplitude attenuation.
Therapeutic hypotension to mean levels of 55 mm Hg during the Harrington procedures did not alter the SSEP waveform or peak latencies} 6 However, profound hypotension (approximately 30 mm Hg) recorded in one patient (Case 10) following hemorrhage from the base of a bony diastematomyelic septum was associated with loss of waveform components (Fig. 8) . Overzealous correction of a major scoliotic deformity by Harrington Tables 2 and 3. distraction rods resulted in absence of the polyphasic P-N-P component and loss of definition of the slower late N wave in one patient. This electrophysiological dysfunction was not rectified by elevating the blood pressure but did partially recover following release of several ratchets of the distraction rods (Fig. 9) . Dorsal midline myelotomy, placement of pial retraction sutures, and resection of an intramedullary astrocytoma were associated with loss of Pl and attenuation and loss of definition of the subsequent N complex of the SSEP in one case (Fig. 10) . Spinal cord manipulation with microdissectors and intramedullary tumor removal or biopsy resulted in distortion of baseline SSEP waveforms in two other patients. In one patient (Case 19) there was transient recovery of the waveform component following cessation of the surgery for 15 minutes, but in the other (Case 24) the waveform remained distorted.
In four patients in whom distortion of the SSEP was seen intraoperatively, a prominent early P wave appeared or was augmented coincidentally with electrophysiological spinal dysfunction. This P wave had a latency suggesting that it represented the afferent volley as it entered the spinal cord and was thus a volumeconducted potential. This wave has been previously termed the "S" or "standing" wave. 18 In two patients (Cases 11 and 20) the waveform amplitude and complexity increased following surgery (Fig. 11) . One of these patients had aspiration of a low thoracic syrinx associated with an intramedullary hemangioblastoma, and in the other a tethered spinal cord was freed from adhesions at the site of closure of a dorsal lumbosacral meningocele. This electrophysiolog- Tables 2 and 3. ical "improvement" was not associated with clinical improvement in the patient with major neurological deficit.
In six of the nine patients monitored while undergoing Harrington procedures, there was greater than 30% attenuation of the SSEP when compared to the baseline amplitude. This attenuation was not associated with changes in SSEP peak latencies, and appeared independent of surgical and anesthetic manipulations ( Fig.  12 and Table 1) .
When correlating postoperative outcome with differences in SSEP's compared to the baseline intraoperative recording, preservation of waveform components was much more important than fluctuations in the amplitude of the waveform. Persistent amplitude loss of up to 70% of the baseline value was not associated with (1105 hours, B) . Release of the instrumentation was followed by partial recovery of this complex at 1125 and 1145 hours (C and D). There was also a prominent S wave during the initial recovery period (C). The patient was neurologically intact postoperatively. For a further description of this case see Table 1. acquired postoperative neurological deficits. Persistent loss of waveform subcomponents was, however, correlated with an intraoperatively acquired neurological deficit. This phenomenon was seen in three cases (Cases 19, 23, and 24). In contrast, no patient with stable intraoperative spinal SSEP waveforms sustained a neurological deficit as a result of surgery.
Discussion
The best method of recording SSEP's intraoperatively is unknown. The advantages of subdural and epidural recording electrodes have been described previously, 3'7-9'15'18"22 '25'26 and from the diversity of methodologies reported in the literature it seems important only that the method utilized is simple, safe, and reliable and does not unnecessarily prolong the procedure. The subdural technique does enable recording at various spinal segments so that the effect of the lesion on the Tables 2 and 3. SSEP waveform can readily be studied intraoperatively. Such neurophysiological investigation would facilitate study of the "killed end" or "spinal cord evoked injury potential" in patients with segmental spinal lesions? I
Near-Field SSEP Waveforms
Neurophysiological data acquired using intraoperative SSEP monitoring techniques offer a unique opportunity to correlate electrophysiological with clinical and pathological findings. The SSEP waveforms obtained in many cases with minimal or no neurological deficit were almost identical to those described by Jones, et al. 6 The waveform complexity, duration, and amplitude varied with the spinal segment at which recordings were performed. Attenuation of amplitude of the SSEP, a prolonged initial P wave, and loss of definition of the later N wave components were characteristic of patients with major neurological deficits. In the one patient with Table 1 .
an intramedullary tumor and no preoperative deficit in dorsal column function (Case 23), the waveform was essentially normal until a dorsal midline myelotomy was performed (Fig. 10) .
The ease and rapidity of acquisition of the SSEP, even when the recordings were made from the high thoracic region and in the presence of major intramedullary pathology, contrast with the difficulties in acquisition of cortical somatosensory evoked potentials. It has previously been shown that cortical somatosensory evoked potentials may be difficult to record intraoperatively, particularly when there is a significant neurological deficit involving the dorsal column modalities. 3' 7' 19' 22 The stability of the peak latencies of the ascending SSEP also contrast with the variable stability of the short-latency and particularly longer-latency components of the cortical somatosensory evoked potentials.3,7,~9,23 Furthermore, the SSEP waveform would, from the results in this and other studies, appear to be stable in the presence of most anesthetic agents and of moderate hypotension. 1,7.9,18 These features suggest that, given satisfactory systemic physiological parameters under anesthesia, changes in SSEP's reflect specific spinal cord dysfunction. 2~
Rationale of lntraoperative SSEP Monitoring
Monitoring of SSEP's as a method of intraoperative assessment of spinal cord function relies for its utility upon the hypothesis that: 1) changes in SSEP's specifically represent spinal cord dysfunction; 2) changes in spinal cord function do not occur independently of changes in SSEP's; and 3) changes in SSEP's can alert the anesthesiologist and surgeon to the possibility of spinal medullary damage, so that maneuvers to rectify or minimize this damage may be undertaken. This latter point is particularly important since the particular raison d~tre of intraoperative spinal cord monitoring must be evidence that it decreases the morbidity associated with spinal surgery.
Variations in Intraoperative SSEP's
The SSEP signal may change by fluctuations in amplitude, variations in peak latencies of components, or the loss of waveform components. Changes in the latency of SSEP components of greater than 0.48 msec were not seen in this series. The stability of the SSEP peak latencies has also been reported by others. 7' 15' 16 In contrast, variability in the amplitude of the waveform component was common and, in five (21%) of our 24 cases that were fully monitored, amplitude fluctuations represented signal attenuation of greater than 50% of the baseline value. None of these cases had loss of waveform components, and none of the patients had postoperative neurological deficits. It would appear, therefore, that transient signal attenuation not associated with loss of waveform components represents electrophysiological variance under operative conditions. It has recently been demonstrated that halothane anesthe-I. R. Whittle, I. H. Johnston and M. Besser sia in inspired volumes of 2% or more can attenuate the SSEP recorded subdurally by 30% to 40%. 1 The experience of other centers with monitoring SSEP's reflects similar findings. Amplitude variations of greater than 30% from baseline to final recording occurred in at least 14% of two large series during orthopedic surgery using the Harrington procedure. 7,9 Macon and Poletti 15 found that variations of up to 40% of baseline value were common in a group of patients with SSEP monitoring during surgery in which the integrity of the spinal cord was not threatened. In an experimental study in cats, however, permanent SSEP amplitude attenuation of greater than 70% following spinal compression was commonly associated with paresis in the hindlimbs.18 It would appear, therefore, that one must be aware of major attenuation of the SSEP, but that this change alone is not predictive of significant spinal cord dysfunction.
Loss of a waveform component during operative SSEP monitoring is a much less frequent occurrence than amplitude fluctuation. 7"9'15'22 '26 It would appear that loss of a waveform component represents impairment of spinal cord function, due to a physiological or anatomical insult, and that persistence of the waveform abnormality will correlate with a postoperative deficit. 7'9'16'22 Our experience with both transient and permanent loss of waveform components in five patients in this series supports these conclusions. However, all three patients who had neurological deficits aggravated by surgery (myelotomy and intramedullary tumor removal) did improve significantly with postoperative rehabilitation.
A particular finding in this series was that, if components of the SSEP were transiently lost, when they returned they had latencies almost identical to baseline values. This feature has previously been noted in an experimental study of SSEP's in cats.18 It would appear therefore that, with intraoperative impairment of spinal cord function, conduction of the ascending volley is "all or none," and prolongation of peak latency does not precede later loss of a waveform component. These findings, although not specifically mentioned in previous reports, would also appear to be substantiated by analysis of the published SSEP waveforms in illustrative cases from other studies. 7' 9' 22
The appearance of a prominent early P wave coincidentally with the loss of waveform subcomponents suggests that this P wave is normally inhibited or modulated by descending spinal tract activity. Its appearance or augmentation may therefore be an additional sign of spinal axonal dysfunction. This phenomenon of augmentation of the segmental SSEP below the level of cord transection has been described previously in cats. 17 Although the appearance of this P (or S) wave was not specifically commented upon, 18 it has previously been shown in Cases 2 and 3 of Jones, et al., 7 and in Figs. 4 and 5 of La Mont, et al., 9 to appear coincidentally with electrophysiological spinal dysfunction and also to attenuate as the waveform recovered. The significance of this wave is difficult to interpret, however, since in this series and the cases alluded to above clinical deficits associated with persistence of this S wave have been variable. Furthermore, some patients who were free of neurological deficits had a prominent P (or S) wave on their baseline recording (Fig. 3) .
Utility of SSEP Monitoring
The question of whether SSEP monitoring makes spinal surgery safer is difficult to answer. In the case of orthopedic spinal surgery for kyphoscoliosis, the reported incidence of neurological insults acquired intraoperatively was less than 1%.14 In the decade since that report, the incidence could be expected to have increased because more powerful instrumentation has led to more radical correction of deformities and to the selection of patients for surgery who previously would have been considered unsuitable candidates (TK Taylor, personal communication, 1984). Since this type of orthopedic surgery exposes the cord to an insult that involves mechanical distortion of the thecal sac and its contents, it would be reasonable to expect that SSEP monitoring may be particularly useful in these patients. Some type of functional spinal monitoring is needed intraoperatively in these cases, and SSEP monitoring has many advantages over the "wake up" test. 7"1322" 26 The role and potential for SSEP monitoring in extramedullary spinal neurological surgery is analogous to that of monitoring during orthopedic surgery. In such cases as removal of an extramedullary neurofibroma or a diastematomyelic spur, attenuation of the SSEP could indicate inappropriate focal traction or distortion of the spinal cord. In these cases, modification of the surgical technique could be appropriately guided by SSEP signals.
The utility of SSEP monitoring during intradural intramedullary spinal surgery is more difficult to assess because of the diversity of pathological conditions encountered and the variability in each case of the potential threat to spinal cord function. Following myelotomy, alterations in SSEP's may occur. However, although electrophysiological change is indicative of induced cord dysfunction, it is not evidence of irreparable damage to the spinal cord since some patients recover remarkably well from surgically acquired spinal deficits.
An electrophysiological analogy between neurons in parts of the brain exposed to blood flow levels below 20 ml/100 gm of brain/min and the function of spinal axons and neurons retracted to expose intrameduUary lesions may be appropriate. In the former situation the neurons remain viable but are "idling" because the level of focal ischemia restricts neurotransmitter metabolism and synaptic function. Similarly, spinal axons and neurons in the region of a tumor or myelotomy may be viable, but because of local environmental factors may not be able to transmit the SSEP through a physiological block. Therefore, SSEP monitoring in its current state has limitations during intramedullary spinal tumor surgery.
The possibility of an anterolateral cord insult occurring independently of a change in the SSEP is theoretically possible because of the different anatomical localization and sources of blood supply of the dorsal columns, which are believed to largely mediate the SSEP in humans, and the pyramidal tracts. Experimental evidence in cats has indeed suggested that differential damage of these two long-tract systems can occur, particularly with induced spinal cord ischemia. Furthermore, the insult to the anterolateral cord may not be reflected in changes in SSEP's? There is anecdotal reference to several patients having surgery with intraoperative SSEP monitoring who postoperatively had neurological deficits that occurred without changes in the intraoperative SSEP's. 1~ To date, this is the only report of this complication in over 430 cases of intraoperative SSEP monitoring in the literature 5' 7' 9"1~ and in this series. This problem, albeit infrequent, has stimulated the investigation and development of methods of monitoring motor evoked potentials intraoperatively. I
